Continuous monitors can be used to supplement traditional filter-based methods of determining personal exposure to air pollutants. They have the advantages of being able to identify nearby sources and detect temporal changes on a time scale of a few minutes. The Windsor Ontario Exposure Assessment Study (WOEAS) adopted an approach of using multiple continuous monitors to measure indoor, outdoor (near-residential) and personal exposures to PM 2.5 , ultrafine particles and black carbon. About 48 adults and households were sampled for five consecutive 24-h periods in summer and winter 2005, and another 48 asthmatic children for five consecutive 24-h periods in summer and winter 2006. This article addresses the laboratory and field validation of these continuous monitors. A companion article provides similar analyses for the 24-h integrated methods, as well as providing an overview of the objectives and study design. The four continuous monitors were the DustTrak (Model 8520, TSI, St. Paul, MN, USA) and personal DataRAM (pDR) (ThermoScientific, Waltham, MA, USA) for PM 2.5 ; the P-Trak (Model 8525, TSI) for ultrafine particles; and the Aethalometer (AE-42, Magee Scientific, Berkeley, CA, USA) for black carbon (BC). All monitors were tested in multiple co-location studies involving as many as 16 monitors of a given type to determine their limits of detection as well as bias and precision. The effect of concentration and electronic drift on bias and precision were determined from both the collocated studies and the full field study. The effect of rapid changes in environmental conditions on switching an instrument from indoor to outdoor sampling was also studied. The use of multiple instruments for outdoor sampling was valuable in identifying occasional poor performance by one instrument and in better determining local contributions to the spatial variation of particulate pollution. Both the DustTrak and pDR were shown to be in reasonable agreement (R 2 of 90 and 70%, respectively) with the gravimetric PM 2.5 method. Both instruments had limits of detection of about 5 mg/m 3 . The DustTrak and pDR had multiplicative biases of about 2.5 and 1.6, respectively, compared with the gravimetric samplers. However, their average bias-corrected precisions were o10%, indicating that a proper correction for bias would bring them into very good agreement with standard methods. Although no standard methods exist to establish the bias of the Aethalometer and P-Trak, the precision was within 20% for the Aethalometer and within 10% for the P-Trak. These findings suggest that all four instruments can supply useful information in environmental studies.
Introduction
Outdoor concentrations of fine particles o2.5 mm in diameter (PM 2.5 ) have been associated with morbidity and mortality in many studies worldwide (Schwartz, 1994; Krewski et al., 2009) . However, fine particles are mixtures of different components, one or more of which may be the causative factor(s) (NRC-NAS, 1998) . For example ultrafine particles (UFP), which hardly contribute to the mass of PM 2.5 , normally dominate in the total number concentration (Solomon et al., 2008) , and some studies have indicated a possible role for UFP in associated human health effects (Bra¨uner et al., 2007a, b) . Similarly, diesel engines, major emitters of soot (black carbon, or BC), have also been implicated in health effects (HEI, 1999) . Although outdoor sources of PM 2.5 , UFP, and BC are well known, and contribute significantly to personal exposure, indoor sources may also contribute to health effects, and these sources are less well characterized. Therefore a number of studies in recent years have measured personal exposure to these pollutants and also indoor-outdoor relationships in an effort to disentangle the sources and the relative contributions of each to personal exposure (HowardReed et al., 2000; Liu et al., 2003; Ebelt et al., 2006) .
Although gravimetric monitors are well accepted as the most accurate measure of particle mass concentrations, continuous particle monitors can provide useful information for risk management purposes and the identification of sources, diurnal variation, and the effect of different microenvironments on personal exposure.
Three other large-scale multi-season or multi-city studies have employed the personal DataRam (pDR; ThermoScientific, Waltham, MA, USA) as the main continuous instrument for determining indoor and outdoor residential exposures. Wallace et al. (2003) reported 10-min average concentrations over 2-week periods in 328 homes with asthmatic children in inner-city neighborhoods in seven cities. Liu et al. (2003) and Allen et al. (2003 Allen et al. ( , 2004 Allen et al. ( , 2007 measured indoor, outdoor, and personal exposures of 108 persons for 10-day periods over two seasons using both gravimetric personal exposure monitors (PEMs) and the pDR. Wallace et al. (2006a, b) studied personal, indoor, and outdoor fine particle 1-min concentrations for 7-day periods over four seasons for 37 nonsmoking health-impaired residents in the Raleigh-Durham area of North Carolina.
The DustTrak (TSI) is typically used for occupational environmental monitoring. However, DustTraks were employed by Osman et al. (2007) to measure 5-min average indoor concentrations of PM 2.5 for 8-12 h in the living rooms of 148 patients with severe COPD and by Morawska et al. (2003) to measure 30-s concentrations of PM 2.5 in the kitchens of 15 homes for 48 þ hours each. The Aethalometer (Magee Scientific, Berkeley, CA, USA) was used to measure 30-min average concentrations of indoor and outdoor BC in 48 homes of cardiac patients equipped with Holter devices for 24-h electrocardiographic monitoring (Zanobetti et al., 2009) . Ebelt et al. (2006) employed the Aethalometer to measure 5-min BC concentrations indoors and outdoors for 1 week in 17 Los Angeles homes.
Optical particle monitors use light, often laser light at a single wavelength to illuminate particles and estimate the total cross-sectional area of the particles. The light is scattered depending on the particle size, shape, composition, and refractive index. Therefore different aerosol mixtures with the same mass concentration as determined by a gravimetric monitor may have quite different mass concentration estimates from a given optical monitor. In particular, as optical monitors estimate a volume rather than a mass directly, the density of the aerosol mixture has a strong direct effect on the mass estimate produced by optical monitors. It is also the case that the different wavelengths of light employed to illuminate the particles will have different sensitivities at different sizes depending on the wavelength. Monitors using smaller wavelengths will be most sensitive to particles of smaller diameters, although the sensitivity curve usually extends from between 0.1 and 0.3 mm to 410 mm at the high end. A size-selective inlet may be used to provide an upper limit on the upper sizes (e.g., a 2.5 mm inlet to restrict the sampled aerosol mixture to the fine particle range).
Both the DustTrak and pDR are laboratory-calibrated using the respirable fraction of Arizona Test Dust (or ISO 12103-1, A1 test dust). Arizona Test Dust has a density of 2.6 g/cm 3 . Therefore the mass concentration returned by either of the two optical monitors for a given aerosol will normally be an overestimate if the aerosol has a density less than 2.6 g/cm 3 . Typical ambient aerosols are mixtures of crustal (high density, 42 g/cm 3 ) and combustion (low density, about 1 g/cm 3 ) components, and have been found to have an average density between 1.5 and 1.7 g/cm 3 , (Tuch et al., 1999) and therefore both monitors will be expected to read high compared with the true mass of the sampled aerosol.
Relative humidity (RH) higher than 80 percent can cause hygroscopic particles to increase their apparent volume due to adsorbed water molecules (McMurry and Stolzenburg, 1989) . In these conditions the concentration readings of optical monitors will be biased high relative to the dry weight, as measured by filter-based instruments. (The filters are equilibrated at a low RH for 24-48 h, allowing most of the adsorbed water to evaporate.) The amount that an aerosol's mass concentration increases due to water absorption is a complex function of the particle's material composition and the atmosphere's absolute humidity.
As continuous monitors operate on different principles compared with filter-based time-integrated methods, it is important to determine how they compare with these wellestablished methods and what factors affect them. Most or all of the studies listed above included a comparison of the continuous monitors with filter-based methods. Some journal articles focus entirely on this comparison. For example, Yanosky et al. (2002) compared the DustTrak with the Federal Reference Method gravimetric sampler; Liu et al. (2002) compared the pDR with the Harvard Impactor and Harvard Personal Exposure Monitor gravimetric samplers; Matson et al. (2004) and Zhu et al. (2006) compared the P-Trak (TSI), an ultrafine particle monitor, to another condensation particle counter; and Chow et al. (2009) and references therein compared the Aethalometer to other measures of black carbon and elemental carbon. The performance of these four continuous instruments in collocated laboratory tests and in a 2-year personal exposure study in Windsor, Ontario will be the focus of this paper.
Methods

Study Design
The Windsor Study took place in [2005] [2006] . In each year, approximately 48 persons provided personal, indoor and outdoor samples of particles and associated gases for 5 consecutive days in each of two seasons (summer and winter). The objectives of the study were to determine personal exposures to particles and black carbon and understand their relationship to indoor and outdoor concentrations, including the fraction of outdoor particles that infiltrate into homes as a function of building design and air change rates. In 2005, 48 adult participants were recruited from participant families of the Windsor Children's Respiratory Health Study (Dales et al., 2009) . Homes meeting inclusion criteria were randomly selected and approached for participation . Adults were considered eligible for inclusion into the study if individuals were non-smoking, living in a detached home, and were not occupationally exposed to VOCs. Preference was subsequently given to households that were spatially distributed across Windsor. Five participants withdrew from the study after the winter session due to moving, renovating homes, or summer travel plans; two additional participants were recruited for the summer. Therefore, the total sample size was 48 in winter and 45 in summer, with 43 homes participating in both seasons.
During 2006, 47 asthmatic children were recruited from a previous study of 186 asthmatic children ). The eligible children were between the ages of 10 and 13 and had previously been diagnosed with asthma by a physician. Owing to withdrawal of three participants after the winter session, two additional participants were recruited for the summer session. The total sample size was 47 in winter and 46 in summer, with 43 individuals participating in both seasons. In both years six homes were sampled concurrently each week for 8 weeks per season.
Four types of continuous monitors were employed. The DustTraks were employed indoors and outdoors in both years. The pDR was employed as a personal monitor in the second year. The Aethalometers and P-Trak instruments provided indoor and outdoor measurements in three of the four seasons. All methods were tested extensively in laboratory and field studies to determine bias, precision, and agreement with standard methods.
Ancillary variables including air change rates and indoor and outdoor temperature and relative humidity were also monitored.
A more detailed description of the objectives and study design may be found in Wheeler et al., 2010 . Approval was obtained from Health Canada and the University of Windsor Research Ethics Boards to conduct this study and all personal information is protected according to the Access to Information Act and the Privacy Act (http://laws.justice. gc.ca/en/index.html).
Instrumentation
DustTrak The DustTrak uses a laser (780 nm) to illuminate particles passing through a sensing chamber. The particles scatter light in all directions; the scattered light perpendicular to the laser beam is focused with lenses and the intensity is determined by a photodetector. The intensity is a function of the total particle volume, the index of refraction, and the particle composition. A sensitivity curve dependent on the wavelength of the laser extends down to particles near 0.1 mm. All DustTraks used in this study (Model 8520) had a 2.5 mm inlet to restrict particles to PM 2.5 . Air was sampled at a flow rate of 1.7 l.p.m.
Personal DataRAM
The personal DataRAM uses a laser at 880 nm to determine particle volume. The pDR was a modified Model 1000 equipped with a 2.5 mm inlet and a pump rated at 1.8 l.p.m. The sensitivity is at a maximum near the wavelength of the laser and falls to less than 10% at 0.1 mm.
Aethalometer The Aethalometer measures black carbon by measuring light absorbance of particles trapped on a quartz filter tape wound on a reel and illuminated by white light. When the optical depth reaches a preset value, the tape moves forward to the next position. Since light absorbance measures ''blackness'' and most particles are not black except for elemental carbon, the monitor is considered to measure ''black carbon'' (BC). Although this is primarily elemental carbon (or soot), it is not identical to elemental carbon. The mass concentration is determined using a conversion factor from light absorbance to mass. The concentration for a given time period equals the conversion factor multiplied by the difference in optical depth over that time. The conversion factor has been shown to vary between rather wide limits depending on the type of aerosol (rural vs urban, high altitude vs low altitude) and therefore the results are considered only semiquantitative (Lavanchy et al., 1999; Wallace, 2005; Park et al., 2006; Chow et al., 2009 and references therein) . A two-wavelength Aethalometer (Model AE-42) was employed, with the 880-nm wavelength used to estimate BC concentrations. The data from the 370-nm wavelength probe were not used.
P-Trak
The P-Trak counts ultrafine particles by sending them through a supersaturated atmosphere and causing isopropyl alcohol to condense around them. This results in particle growth to a size at which they can be detected and counted as they interrupt a laser beam at right angles to the particle flow direction. The Model 8525 P-Trak used in this study had a total flow rate of 0.7 l.p.m. The maximum concentration is 500,000 particles per cm 3 . The P-Trak measures particles from 20 nm to about 1 mm. However, since normally at least 80% of particles are in the ultrafine range (o100 nm), the P-Trak is considered to be mainly an ultrafine particle monitor. Because the P-Trak must maintain a low temperature in the condensation chamber and a high temperature in the saturation chamber, it cannot operate at temperatures above 381C.
Gravimetric PEM PM 2.5 and PM 10 filter-based impactors (Model 3400, ThermoScientific) as described in Demokritou et al. (2001) , were employed indoors and outdoors at each home to collect 24-h samples. Both PEMs were also worn as personal monitors by the adult subjects in 2005; in 2006 the asthmatic children wore only the PM 2.5 monitors. Gravimetric analysis of the PTFE filters (Teflo with ring support; diameter 37 mm; pore size 2 mm) was performed in Health Canada's Buoyancy-corrected Gravimetric Analysis Facility (Archimedes M3) described by Rasmussen et al. (2008) . Precautions were taken to avoid any inadvertent contamination of filter samples during all steps of handling and processing. Details of the gravimetric methodology and analyses for the Teflon filters are provided by Rasmussen et al. (2007) . Quality assurance monitoring during the field campaign included a collocated duplicate study to quantify uncertainties associated with the filter-based methods (Niu et al., 2010) . Based on 13-14 measurements of each of the two reference filters per day, the limit of detection was typically 1-2 mg calculated on a daily basis. The method limit of detection, calculated for the same reference filters from pre-weighing to post-weighing (max 6 months), was about 4-5 mg per filter, corresponding to o1 mg/m 3 for a 5.76 m 3 nominal volume (Rasmussen et al., 2007) . These monitors were compared with a US Federal Reference equivalent method (a dichotomous sampler) for 2 days per week during the 2 years of the study. In turn, the continuous samplers (pDR and DustTrak) were compared with the gravimetric samplers by matching times and locations. The impactors are described in more detail in the companion paper by Wheeler et al. (2010) .
Laboratory Validation
Laboratory Study Design Before and after field work in each of the seasons the continuous instruments were placed in a single laboratory room at the University of Windsor. They were then run for extended periods of time (up to 5 days) to determine precision, stability, and dependability. The laboratory was located within 1 km of the Ambassador Bridge, a busy trade crossing point between Canada and the United States with up to 10,000 diesel trucks crossing daily. Hence, 3-min average mass concentrations ranged from 2 to 177 mg/m 3 , a good test of the possible effect of concentration on bias and precision. In some cases, concentrations were low enough to allow an estimate of the limit of detection of the instruments.
DustTrak: Between 14 and 16 of the 18 DustTrak monitors were compared side-by-side for six different periods. The first two periods lasted about 5 days each and followed the winter and summer 2005 field studies. For the winter and summer 2006 field studies, both pre-and post-study comparisons were made over shorter periods. All units were zeroed and times were synchronized to within 5 s. In all cases, the averaging period was 3 min. 12,587 3-min averages were collected over 629 h of monitoring. The LOD for continuous instruments may not have a standardized method of determination. By analogy with integrated methods such as weighing particle masses on filters, we require that the mean of multiple collocated instruments of one type all measuring the same environment at some low concentration exceeds 3 times the s.d. to be considered as evidence at the 99% confidence level of a non-zero concentration. In our collocated tests of as many as 16 instruments at a time, concentrations were often low enough that this condition was not met. As the concentrations increased, the ratio of the mean to the s.d. also tended to increase, and eventually at some threshold concentration this ratio exceeded 3. In most cases, the ratio continued to exceed 3 at successively higher concentrations, and so we accept as our definition of the LOD for our continuous instruments the lowest concentration at which the ratio of the mean to the standard deviation exceeds 3 and does not drop below 3 at all higher concentrations.
Bias and precision: The term ''bias'' refers in general to a difference between an instrument reading and the ''true'' reading. Some use the term to refer to the actual difference: (A-T) where A is the instrument value and T is the true value; others use the term to refer to the fractional or percent difference. The latter convention has been adopted for this paper:
This returns a positive or negative number, which can be multiplied by 100 to produce the usual ''percent bias'' normally reported. Since bias as defined above can also be represented as
where A/T is the simple ratio of the measured value reported by the instrument to the true value, it is also reasonable to use this ratio as a measure of bias. A ratio of 1.1, for example, represents a bias of 1.1-1 ¼ 0.1 ¼ 10%, whereas a ratio of 0.9 represents a bias of À10%.
Since the true value is seldom known, and is not known here, the median value for each of the instrument intercomparison measurements was selected as the ''true'' value. The mean could also be selected, but this could be affected by a single instrument recording an outlier, therefore preference is given to using the median. The bias for each instrument was calculated for each individual measurement, and the mean of the biases for each collocated session was determined. For the Aethalometer, the relative bias was determined by comparing all units to one reference instrument selected from near the midpoint of the average values. The precision of two instruments is often defined as the absolute value of the difference between one instrument reading and the mean of the two, divided by that mean, which works out to the difference divided by the sum: Abs (AÀB)/(A þ B). The idea in that definition is that the true value is unknown, so it is assumed it is near the average of the two instruments. However, if the values of the instruments are used uncorrected for bias, there will be an overestimation of the precision. For example, if one instrument consistently returns values exactly 2 units greater than the other, the precision from the formula above will be non-zero, whereas if corrected for the relative bias of the two instruments then the precision would be perfect. Therefore the correct way to determine precision is to first remove the bias, and then measure the remaining variation. In this case, up to 16 units are being compared at once so an alternative approach has been applied. A reasonable approach would be to compare the instruments with the median of their readings for any given 3-min period. In this case, the median is assumed to be close to the ''true'' reading, so it is no longer necessary to ''split the difference'' of the two readings. The resulting formula for the bias-corrected precision is
Bias-corrected precision ¼ Abs½A 0 ÀT T where A 0 is the bias-corrected value for instrument A. Bias is corrected for by calculating the mean (or median) of each instrument for each co-location session and multiplying by the ratio of the mean of the medians (across all instruments) in that session to the mean (or median) of the instrument. For the present data, both approaches were tried and the results were very similar, so only the results using the mean values are presented. For other data sets affected by outliers, it may be that the approach using the median would be more stable.
Dependence on Concentration: Both bias and precision, as defined above, as percentages or relative measures, will normally worsen at low concentrations. Therefore it is important not only to calculate average bias and precision but also to determine their dependence on concentration. This was done by plotting both as a function of concentration.
Drift: Drift refers to a change of the bias or of the zero setting with time. Since the concentration is likely to have a powerful effect on the bias, drift cannot be picked out by simply studying the graphs of the bias over time. Therefore multiple regressions of the ratios (A/T) were carried out with concentration and time as the two independent variables. Aethalometer Loading Effect: It is well known that the accumulation of material on the quartz filter tape in the Aethalometer affects the estimate of the concentration, resulting in reduced concentrations with increased loading (LaRosa et al., 2002; Weingartner et al., 2003; Arnott et al., 2005; Jimenez et al., 2007; Kirchstetter and Novakov, 2007; Virkkula et al., 2007) . Assuming the average concentration is close to correct, measurements on the newlyadvanced ''clean'' tape will be overestimates, whereas those on the loaded ''dirty'' tape will be underestimates. Since the optical depth readings are available along with the estimated concentrations, a correction factor depending on optical depth can be calculated. By first calculating the median or mean across all Aethalometers for each successive observation it is possible to normalize each monitor by calculating a factor that will cause its median or mean to match a reference monitor. Plotting this normalized concentration against the accumulated optical depth (attenuation) will show any effect the optical depth may have on the concentration. Regressions were run on each of the Aethalometers.
Field Validation
Field Setup All of the air pollution monitors, including the continuous instruments (DustTrak, P-Trak, and Aethalometer), were placed on a table 2-3 feet high inside the participant's home, typically within the family or living room where participants spent the majority of their time. Locations were selected that were preferably away from ventilation ducts, fireplaces, and electronic equipment. The continuous instruments typically sampled outdoor air through a window using 4-foot tubing; during the summer 2006 sampling season these instruments were located outdoors in weather-proof enclosures. The window was sealed using insulation foam and masking tape. A customized rain shelter was provided on the outside end of the tubing.
DustTraks: In the first three seasons (2005 winter/summer, and 2006 winter), two DustTraks were placed inside each house to sample indoor and outdoor air. Both DustTraks were housed in a soft case to reduce the noise. One DustTrak sampled indoor air through a 1-foot Tygon tube. The other DustTrak sampled outdoor air using a 4-foot Tygon tube. In the last season (2006 summer), one of the DustTraks was housed in a weather-proof enclosure in the participant's backyard to measure outdoor air. A Nafion drier was provided for the outdoor DustTrak to reduce the water content of the inlet air. All DustTraks used a 2.5 mm inlet and operated at a flow rate of 1.7 l.p.m. Three-minute average values were recorded.
Aethalometers: A single Aethalometer with a solenoid twoway valve and a programmed timer was placed indoors to measure both indoor and outdoor BC for each house in the first three seasons. A 1-foot long polyethylene (PE) tube was used to connect the Aethalometer and outlet of the two-way valves, and a 1-foot PE tubing and a 4-foot PE tubing were attached to the two inlets of the valve for sampling indoor and outdoor BC, respectively. The timer was programmed to allow the solenoid valve to switch alternately between indoor air and outdoor air every 30 min from 0700 to 2200 hours, and every 60 min from 2300 to 0600 hours. Aethalometers , two P-Traks were placed inside each house to sample indoor and outdoor air. One P-Trak sampled outdoor air through a 4-foot Tygon tube; the other P-Trak sampled indoor air with no tubing attached. As stated previously, because the saturated alcohol wick typically only lasts 6-8 h before it dries out the P-Traks were programmed to measure 10 min in each hour at a time interval of 30 s to ensure 24 h coverage. Indoor P-Traks measured indoor air from the 10th to the 20th minute of each hour, and outdoor P-Traks measured outdoor air from the 40th to the 50th minute of each hour. In the last season (2006 summer), one P-Trak was placed indoors to measure indoor air, and one P-Trak was housed in a weather-proof enclosure in the participant's backyard to measure outdoor air. Both P-Traks were programmed to measure the air from 30 to 40 minutes of each hour at a 30-s time interval.
pDRs: Passive pDR 1000 monitors were modified by adding a battery-powered air sampling pump (BGI-400, BGI Waltham, MA, USA) and an inlet with a cut point of 2.5 mm. The pDRs operated at a flow rate of 1.8 l.p.m., and recorded the data at a time interval of 3 min. The pDR was placed in a water-proof Gore-Tex backpack (Mountain Equipment Co-op, Vancouver, BC, Canada). Participants were asked to carry the backpack with them wherever they went, leaving the backpack close to them to capture their exposure to air pollution when they were not able to carry it, such as during play, showering, and sleep.
Maintenance All instruments were returned to the laboratory in the University of Windsor for maintenance and the downloading of data on a weekly basis. The internal clocks of all instruments were synchronized using a desktop computer. Issues identified during the maintenance were documented in a weekly maintenance record or log sheet.
DustTraks were cleaned and the impactors were re-greased following the Operation and Service Manual from the manufacturer. The flow rates of the DustTraks were measured using a rotameter from the manufacturer, and adjusted to 1.7 l.p.m. if necessary. Zero drifts of the DustTraks were measured using a HEPA filter and documented. Zeroing of the instrument was then performed if the zero drift was greater than 1 mg/m 3 . P-Traks were cleaned following the Operation and Service Manual from the manufacturer, and zero drift of P-Traks was measured and documented. Alcohol wicks were replaced daily. Wicks were soaked for at least 1 h to ensure sufficient alcohol was available for the 24 h period.
In the winter of 2006, the zero drift of each pDR was measured using a HEPA filter and documented on a weekly basis in the lab. Zeroing was then performed if the zero drift was greater than 1 mg/m 3 . In the summer of 2006, zero drift was measured and documented on a daily basis in the field, following realization that at times the pDR drifted unacceptably if zeroed only every 5 days. The PEM inlet was cleaned and the impactor was re-greased on a weekly basis in the lab.
No maintenance was performed on the Aethalometer, which has its own self-zeroing system. DustTraks: Plots of the outdoor DustTrak results for all houses sampled each week were used to identify units that had malfunctioned. Because the gravimetric PM 2.5 monitors agreed well with the reference dichotomous sampler , the 24-h averaged outdoor DustTrak measurements were compared with the collocated outdoor PM 2.5 gravimetric samples over both years using ordinary least squares (OLS) and reduced major axis (RMA) regression (Draper and Smith, 1981; Isobe et al., 1990 ). OLS regression is used when the independent variable is without error, or when it is desirable to predict the dependent variable given a measurement (with error) of the independent variable. RMA regression is used when the ''true'' relationship between the variables is sought, recognizing that both are measured with error. RMA regression has been recommended for comparing aerosol measurements (Ayers, 2001) . A related type of regression, orthogonal or major-axis regression, is presently required by the European Union in determining aerosol measurement methods acceptable for regulatory purposes (EC, 2005) . However, orthogonal regression, unless modified by taking into account the difference in variance of the two variables, is not scale-invariant and was therefore not employed here.
Aethalometers: Since there are no concurrent reference measurements of black carbon currently available, it is not possible to compare the Aethalometer results with known standards. However, the concurrent measurements of elemental carbon (EC) at the Detroit Allen Park site provide a useful comparison. Data were available from Allen Park for 21 of the 24 weeks the Aethalometers were deployed in Windsor. BC values were averaged over all homes each week in Windsor and compared with the average weekly EC values at Allen Park. P-Trak: The P-Traks require some time after starting to bring their two chambers to their operating temperatures. Therefore the first minutes of each 10-min sample period may be biased. This possibility was checked by analyzing mean values minute by minute.
pDR: OLS and RMA regression was used to compare the average daily pDR data with the 24-h collocated personal gravimetric PEM PM 2.5 . Negative drift was evaluated by comparing the internal average calculated by the machine with the average calculated from the logged values. The pDR does not report values below zero; however, the internal average includes negative values that occur due to negative zero drift. By comparing the averages determined from the data file and the internal average, any difference is due to negative drift.
At the end of the week (winter season) or each day (summer season) the monitors were attached to a HEPA filter and allowed to equilibrate. The display reading was then recorded, if greater than zero; this was considered evidence of positive drift. It is impossible to know when the drift occurred, because this value was determined only once at the end of the monitoring session. If the drift was linear, then a rough correction can be made by subtracting half the value of the positive drift from every individual measurement. However, another step can be made to evaluate the likelihood of the measured positive drift. The data can be examined to see whether the measured positive drift is readily visible. There should be few or no values falling below the positive drift value.
Results
Laboratory Validation Study
DustTraks. Limit of Detection: There were between 6 and 93 measurements with median concentrations between 1.5 and 4.5 mg/m 3 and none had a mean result greater than 3 times the s.d. until a concentration of 5 mg/m 3 was reached (Table 1) . Therefore we accept an LOD of It may be argued that at a longer averaging time, the measurement errors will even out and the LOD will be lowered. This was tested by averaging the collocated data over hour-long periods. The LOD was lowered, but only to approximately 4 mg/m 3 (Table 1) .
Bias and precision: The biases of the 18 DustTrak instruments were usually (72 times out of 88 tests) in the range of ±10%.
None of the 18 instruments had an overall average absolute bias exceeding 10% (range À6% to þ 10%). The bias-corrected mean precision was 6% (SD 3%; range 3-10%). Although on average the biases are acceptably low, at low Dust Trak readings (e.g., o20 mg/m 3 , corresponding to actual PM 2.5 concentrations of about 8 mg/m 3 ) the percentage biases can be quite large, ranging between 0.6 and 1.4 (i.e., biases of ±40%) (Figure 1) . However, the magnitude of the resulting error is not large at these low concentrationsFa bias of 40% for a concentration of 20 mg/m 3 corresponds to an error of 8 mg/m 3 Fbut considering the mass overestimation of the DustTrak by a factor of 2.5 (see field validation section below), this error is only about 3 mg/m 3 in true mass concentration. In most cases, the multivariate regressions showed that bias was strongly affected by the concentration and less strongly by drift, although the majority of the drift estimates were significantly different from zero. Both positive and negative drift occurred. One way to detect negative drift is by observing negative concentrations. Only twice did a long series of negative concentrations occur, suggesting that although drift was usually present, it was generally not substantial.
Aethalometer
Limit of Detection The approach described above to determine the LOD of the DustTrak was applied to the Aethalometer collocated test data as well; however, due to the comparatively poorer bias and precision of the Aethalometer, the approach failed to determine an unambiguous LOD. The manufacturer reports an irreducible resolution of about 100 ng/m 3 over an averaging time of 1 min at 2 l.p.m. (Aethalometer manual, 2007) . Because the Aethalometer measurements depend on the difference of two readings separated in time, theoretically it would be possible to measure any positive concentration given a long enough time to collect the material on the quartz fiber tape. Although the laboratory and field measurements were spaced 3 min apart, this short averaging period resulted in a very large number of negative valuesFtherefore the collocated data was averaged over 15 min. (In actuality, the data were redetermined using the difference between the optical depth attenuation measurements 15 min apart and multiplying by the calibration factor; however, this should have provided the same results as averaging all values including the negative ones). The median values and SD of each 15-min period were determined for the 6-8 collocated Aethalometers. The median values were then compared with three times the SD. For both the DustTrak and pDR, this approach led to an unambiguous identification of a median value below which no measurements attained three times the SD, and above which all measurements attained this value. This value was thus an unambiguous LOD. With the Aethalometer, there was no such unambiguous dividing line. At low median concentrations, most of the median Figure 1 . Dependence of DustTrak bias on median concentration. -test) . No cause could be determined for these problems; however, the bias and precision estimates (see next section on bias and precision) indicated that for the last three tests, precision was rather good and the error lay mainly in a severe bias.
As no unambiguous LOD could be determined under these conditions, a modification to the approach was made; rather than require all measurements above a certain median value to be greater than three times the SD, it was decided to search for a preponderance of such measurements. For example, if 95% of measurements above a certain value attained three times the SD, this would be considered a ''practical LOD''. With this relaxation, two of the four tests produced a practical 15-min average LOD of 375 and 425 ng/m 3 . However, no LOD below 500 or 700 ng/m 3 , respectively, could be determined for the remaining two tests.
If we assume that poor-performing instruments can be identified early and removed from use, then we can try to determine an LOD using only the better-performing instruments. This involved removing one instrument from each of the first, second, and fourth tests. Because the third test had two poorly-performing instruments and only three performed well, it was decided not to include that test in the new determinations. The three remaining tests produced estimated LODs of 115, 175, and 250 ng/m 3 for a 15-min averaging time. Since theoretically an increase in the averaging time would be inversely proportional to the LOD, a 1-h average ''practical LOD'' for these instruments would range from about 30-60 ng/m 3 in the best case, and at least 100 ng/m 3 if at least one instrument is performing with a severe bias.
Bias and Precision: Results of individual collocated tests suggest that some instruments had very serious biases, often close to a factor of two below the other instruments, during at least one such experiment; however, the same instrument could perform very well in other experiments. This suggests that no instrument was consistently a bad actor. The absolute value of the bias was less than 10% (range 0-8%) in 19 of the 26 tests, but greater than 20% (range 29-55%) in five of the seven remaining tests. After correcting each Aethalometer for bias within each testing session, the mean precisions varied between 9 and 20% in the winter 2005 test, but improved to a range of 3-8% in the subsequent three tests. This is an indication that the biases observed for several of the instruments were not due to poor behavior but rather some problem in the setting of the instrument. Future collocated tests of the Aethalometer should include an initial period when the data from all instruments are inspected for large consistent bias; instruments showing such bias should be removed from the test and inspected for the source of the bias before continuing.
Loading Effect: All but one of the 26 slopes of the regressions of normalized concentration on attenuation were negative, as expected (See Figure 2 for an example) . However, the slopes were usually very small. Since the attenuation ranged from 0 to 50 units and the coefficients were all in the range of À0.004 to þ 0.002, the maximum error due to the loading effect would be 0.004 Â 50 ¼ 20%, or about a þ 10% to À10% range, for the worst-performing instrument. The remaining instruments would have even smaller errors; therefore it does not seem important to correct the observed values for this small loading effect. P-Trak: Sometimes the P-Trak instruments showed noticeably unusual behavior, which was revealed in plots of the collocated tests across time (see Figure 3 for an example). The cause of the repeated ''downspikes'' has recently been identified by the manufacturer as a result of the alcohol fluid escaping the saturation chamber if the monitor is not tilted upward by a few degrees. Although the spikes are very noticeable, they lowered the average concentrations for that monitor by only 3.6%.
Limit of Detection: The lowest median number concentration noted in the four tests was 5500 cm À3 , and only two median values out of 42000 measurements with 14 P-Traks at a time failed to exceed three times the SD. Therefore we were unable to obtain conditions suitable for determining the LOD of the P-Trak.
Bias and Precision: The mean bias was 0% (range À17 to þ 8%). In 42 of 46 cases, the bias was less than 10%.
Only one instrument showed a consistent bias in one direction in all tests, and its average bias was less than þ 5%. The bias-corrected precision had a mean value of 10% (range 4-15%).
Alcohol Depletion: During an overnight test the length of time that each monitor lasted before running out of alcohol ranged from 6.2 to 8.2 h with a median value of 6.8 h. The time from the beginning of the decline to the final value of zero was approximately 20 min for each of the instruments.
pDR
Limit of Detection Nearly 400 3-min average measurements were available from the six pDRs at median concentrations between 3 and 6 mg/m 3 . These were sufficient to apply the requirement of a mean value greater than 3 times the SD to assure a concentration different from zero. This requirement was met at concentrations equal to or greater than 5.5 mg/m 3 , which we estimate as the LOD for the pDR. (Because of the difficulty of setting the proper zero for the pDR, this estimate may be high in cases where the zero can be set more precisely. But the estimate reflects the practical experience of our field study). As with the DustTrak, the averaging time was increased to 1 h to test whether the LOD could be lowered. However, the results showed that the LOD was not lowered below 5 mg/m 3 . This suggests that an irreducible variation in the pDR may be due to the difficulty of setting the zero point rather than simple measurement errors. For example, the pDR performance often suggests constant differences between instruments over a long period of time, rather than random fluctuations as expected from measurement errors (Figure 4 ). As can be seen from Figure 4 , much of the apparent error in the pDR readings appears to be due to an error in setting the zero point. The manual zeroing procedure involved placing the pDR in a bag, closing the bag around a tube connected to a HEPA filter, and squeezing a pump until the display drops to a constant value. Various errors can occur during this procedure, such as not being able to close the plastic bag sufficiently around the tubing, or failing to continue pumping until the instrument has reached its lowest reading. Correction for this error alone can improve the apparent precision considerably, for example from 49 to 16%. As described above for the Aethalometer, such errors in the collocated tests can be avoided by inspecting the data early in the test for large consistent bias and removing the poorly performing units from the test until they can be corrected.
Summary of Collocated Tests
The bias and bias-corrected precision for each instrument was averaged across all collocated tests (Table 2 ). 
Field Validation
The total number of person-days of field data for each instrument is presented in Table 3 .
Gravimetric PEMs Since the continuous monitor results discussed below are sometimes compared with the integrated gravimetric PM 2.5 measurements, the results of the comparison of the PEM with the reference dichotomous sampler at Allen Park are summarized here; for full details see the companion paper by Wheeler et al. (2010) . The bias of the PEM 2.5 compared with the dichotomous sampler was 1.12 based on the ratio of the average concentrations (17.62 mg/m 3 /15.80 mg/m 3 ). Correcting all the PEM values by this factor resulted in a bias-corrected precision of 8.3% (SD 6.9%). Linear regression of the PEM on the dichotomous sampler resulted in a slope of 1.16 (SE 0.03), a non-significant intercept of À0.70 (SE 0.55), and an adjusted R 2 of 0.974 (N ¼ 38 daily measurements over 2 years). These results justify using the gravimetric PEM as the reference method here against which to compare the continuous monitor results.
DustTrak The six outdoor DustTraks generally agreed very well, indicating that outdoor PM 2.5 varies little spatially in Windsor. There were eight cases (out of 192) in which one monitor disagreed significantly with the others for the entire 5 days, and 6 more cases in which the disagreement lasted from 1-3 days, for a total of 54 days out of 922. These disagreements were not due to true differences, because the concurrent collocated gravitational PM 2.5 monitor showed no unusual readings. These values were replaced by the median of the remaining outdoor DustTraks. The small number (o6%) of such cases and the excellent agreement among the remaining monitors provided considerable confidence in accepting the remaining outdoor DustTrak values as valid. Quite good agreement between the outdoor DustTraks and the outdoor PM 2.5 gravimetric sample was also obtained (Figure 5 ). The OLS regression had a slope of 2.64 (SE 0.03), an intercept of À2.9 (SE 0.6), and an adjusted R 2 value of 0.897 for 799 days with at least 75% complete (N4359) DustTrak measurements. The RMA regression had a slightly increased slope of 2.78 (SE 0.03) and a more negative intercept of À5.2 (SE 0.6). For the corresponding indoor comparison, the OLS slope was 2.39 (SE 0.05), the intercept was À2.0 (SE 0.5), and the adjusted R 2 value was 0.770 for 773 days with valid data. The corresponding RMA regression had a slope of 2.73 (SE (0.05) and an intercept of À4.9 (SE 0.6). However, one influential outlier had the single highest concentration for both the DustTraks and gravimetric monitors by a factor close to two. This was a real value, as indicated by other concurrent measurements such as PM 10 , BC, and the pDR. However, it was also rare. We calculated the OLS and RMA slopes for the data without this value with the following results: OLS slope: 2.05; RMA slope 2.44, with an R 2 ¼ 0.707.
Aethalometer Weekly average Aethalometer values were compared with the average weekly EC values at Allen Park using linear regression. Since the comparison is of two completely different measurement methods at different locations, it cannot be expected to be highly precise; however, the slope of 0.98 and the small intercept of À0.03 mg/m 3 are an indication of general agreement, although the low R 2 of 51% suggests extensive spatial or measurement variability.
Analysis of Aethalometer results by time after switching from indoors to outdoors revealed that for the first two observations (6 min) after switching, the results were seriously affected, presumably due to adjusting to the new environmental conditions. A similar but less powerful effect was noted for the first observation after switching from outdoors to indoors. Therefore the first two of the 10 observations outdoors, and the first of the 10 observations indoors, were deleted. 
P-Trak
There were 2 days in 2006 in which temperatures approached or exceeded 351C, near the upper limit of the operating range of the P-Trak; in both cases nearly all the outdoor P-Traks dropped to values of zero. It is unclear whether this was due to evaporation of the alcohol or a shutdown process triggered by the high temperatures and consequent reduction of the temperature difference between the two chambers resulting in incomplete saturation/ condensation. When looking at the mean values by minute, clear evidence of a ''warm-up'' period emerged, with initial values of 92% of the final values 10 min later, and a smooth curve approaching the final value as an asymptote. Figure 6 provides an example for all 29,400 P-Trak hourly average measurements. Although a correction factor could be applied, it was considered unnecessary, as on average, this effect would only result in about a 5% underestimate of average values both indoors and outdoors.
pDR The daily average pDR data is compared with the personal gravimetric PM 2.5 data in Figure 7 .
Based on 296 person-days with at least 360 3-min averages (75% of the nominal total), the slope is 1.63 (SE ¼ 0.08, R 2 ¼ 0.714). One outlier was removed from the regression. A corresponding outlier was also noted for the DustTrak at the same home. An early morning huge peak resulted in a ratio of about 10 for both the DustTrak and the pDR compared with the indoor PM 2.5 and personal PM 2.5 , respectively. This ratio was far beyond the general range of ratios found for the rest of the data (between 1 and 4), and suggests an extremely low-density aerosol mixture. While apparently real it is not understood what caused this and as it occurred only once the impact upon the regression suggested it should be removed to show the typical relationship.
A non-zero negative drift ranging from 1-8 mg/m 3 was observed for about 23% of the measurements. Since this negative drift was averaged over all measurements for a given monitoring period, each individual value was corrected by adding the drift value. However, the positive drift measurement was a single measurement at the end of the monitoring period, with no way to determine when the drift occurred. Therefore the choice was made to correct the cases with a measured positive drift by subtracting half the value from all measurements. In a few cases, there was strong evidence from the data that little or no positive drift occurred, and therefore the measured value for positive drift was considered to be an error. This correction of the positive drift measurement occurred for four individuals.
Discussion
The Windsor study tested a large number of continuous monitors both in the laboratory and in the field for an extended amount of time. This has provided a unique opportunity to investigate the characteristics of these instruments, including establishing a limit of detection based on laboratory data, and estimating bias, precision, and the extent of negative and positive drift. We have also noted the effect of switching the Aethalometers from indoor to outdoor monitoring.
A unique contribution of this study may be the establishment of practical data-based limits of detection (LODs) for the two optical monitors: the DustTrak and the pDR. In both cases, the LOD was well above manufacturer-estimated limits of resolution (1 mg/m 3 ), at 5 mg/m 3 for the DustTrak and 5.5 mg/m 3 for the pDR. These values are not distinguishable from zero, using the standard requirement (for integrated samples) that such a value must be three times the SD of measurements made at a low concentration. These estimates are based on the careful laboratory study of 18 recently purchased DustTraks (and six new pDRs) in an undisturbed laboratory setting for multiple days, so conditions were favorable for determining the lowest possible limit of detection. Nonetheless, multiple measurements at levels from 1-4 mg/m 3 for the DustTrak and 3-5 mg/m 3 for the pDR failed to exceed three times the SD of the mean. Chang et al. (2001) reported an LOD of 3 mg/m 3 for a single DustTrak monitor based on 3 times the SD of successive baseline measurements. The LOD reported by Chang et al. for one instrument deals only with within-instrument variability and would be expected to be lower than the LOD reported here, which includes both within-and between-instrument variability.
This approach to estimating an LOD did not work as planned for the Aethalometer, and had to be modified to estimate a rough LOD. The problem appeared to be occasional severe bias and somewhat poorer precision. The requirement that all measurements above a certain value exceed three times the SD could not be achieved at low concentrations, and was therefore modified to require only that 95% of all measurements above a certain value meet this criterion. Even with this relaxed requirement, only two of the four collocated tests resulted in an estimated LOD for the Aethalometer of 375 and 425 ng/m 3 averaged over a 15-min period. Since all the tests included at least one Aethalometer with very poor performance, the analysis was rerun for three of the four tests omitting the poorest-performing Aethalometer. This resulted in lower LODs of 115, 175, and 250 ng/m 3 . For the two optical PM 2.5 instruments, regressions against the PM 2.5 gravimetric instruments allowed a determination of the general range of the calibration factor associated with the outdoor and indoor aerosol mixtures. From the OLS regressions, this factor for the DustTrak was 2.64 outdoors and 2.39 indoors. For the RMA regression, the factors were 2.78 and 2.73, respectively, indicating virtually no difference between the two types of aerosols and the optical response. However, removal of a single influential outlier produced lower values of 2.05 (OLS) and 2.44 (RMA) for the indoor aerosol, and therefore it is not possible to say whether the DustTraks responded differently to indoor compared with outdoor aerosol. These results agree with the value of 2.57 (SD ¼ 0.57; R 2 ¼ 0.859) found by Yanosky et al. (2002) and the value of 2.56 (1/0.39) (no SD or R 2 provided) by Marsik and Johnson (2008) . Chang et al. (2001) Chakrabarti et al. (2004) found a value of 1.53 compared with a gravimetric analysis of the backup filter on the pDR, and 1.71 compared with a continuous b-attenuation monitor. A factor of 1.50 was found in the 7-city study by Wallace et al. (2003) for outdoor pDR measurements in comparison with the Federal Reference Method. Howard-Reed et al. (2000) found a factor of 1.49, and Quintana et al. (2000) a factor of 1.41. Fischer and Koshland (2007) reviewed six studies comparing pDR and gravimetric results for personal, indoor, and/or outdoor environments. Five of the six found biases generally greater than 1 (range: 0.93-1.85), with a central estimate near 1.5-1.7.
As both the pDR and the DustTrak are calibrated against a standard dust with a specific gravity of 2.6, these results suggest that the ambient aerosol is of lower density, as has been noted in previous studies. The different calibration factors for the pDR and the DustTrak may be due to the different wavelength of light each instrument employs (880 nm vs 780 nm, respectively), leading to different sensitivity to the aerosol size distribution.
The P-Trak has been tested against similar condensation particle counters to determine comparability. Chan et al. (2004) compared the P-Trak to a TSI model 3022A CPC with a lower limit of 5 nm. Laboratory tests showed that the two monitors agreed with 99% R 2 , as expected, although the P-Trak due to its lower limit of 20 nm, returned numbers about 30% smaller. Zhu et al. (2006) also compared the P-Trak to a model 3022A CPC, once inside and outside an apartment and again at five different outdoor locations at different distances from a freeway. The relationship indoors was very similar to what Chan et al. (2004) had reported, with the P-Trak returning values about 25% smaller than the model 3022A, but the P-Trak numbers were about 75% smaller for the instruments near the freeway. This is expected, since the freeway produces many particles smaller than the P-Trak threshold of 20 nm. Zhu et al. (2006) also calculated that the P-Trak lower limit may be about 25 rather than 20 nm. Matson et al. (2004) tested the P-Trak against a similar handheld CPC, the Model 3007 (TSI) The Model 3007 is similar to the P-Trak, the main difference being a lower size limit of 10 nm and a flow controller providing more reliable flow rate. Good agreement was noted, with all concentration ratios ranging between 0.81 and 1.17, thus falling into the range of 20% bias provided by the manufacturer for the Model 3007. Sixty-three percent of the comparisons were within ±10%, and 44% were within ±5%. Although it would be expected that the Model 3007 would always show higher concentrations due to its increased size range, it did not always do so.
Although extensive collocated studies were designed to detect biased instruments, almost no instruments showed consistent bias across all tests. Instead fairly small biases were observed, typically sometimes positive and sometimes negative throughout the tests. The majority of instruments, except for the pDRs, had biases under 10%. Of the six pDRs, two had mean biases of À25% and þ 31% across three studies, and another two had biases of À11% and þ 13%.
These biases expressed in percents are strongly concentration-dependentFat low concentrations, the biases are much larger (in percentage terms) than at higher concentrations, but the absolute bias is small at the low concentrations. As the measured biases of most instruments were not only rather small but also varied in direction during different collocated sessions, no corrections of the field data were made for bias.
Bias-corrected precision across all tests ranged from 3 to 10% for the 18 DustTraks, 7-14% for the 8 Aethalometers, 4-15% for the 14 P-Traks, and 3-13% for the 6 pDRs. We comment that these estimates are made for environmental concentrations, which may be several orders of magnitude smaller than the concentrations encountered in occupational environments, where many of these instruments are used. Therefore our estimates may be somewhat higher than estimates of precision in the industrial hygiene literature.
Electronic drift could not be studied during the collocated laboratory studies since the time was generally too short to be able to detect it. However, in the field, the multiple outdoor measurements made it possible at times to detect drift with the DustTrak instruments. In addition, for the pDRs, a measure of drift was supplied by the instrument itself, either through comparison of the internal average with the display average (if different, the comparison indicates negative drift) or by checking the zero setting at the end of the monitoring session (if non-zero, positive drift has occurred). Negative drift between 1 and 8 mg/m 3 occurred in 23% of cases, and positive drift between 1 and 11 mg/m 3 in 7.5% of cases. There were also several cases of much higher positive drifts (52-122 mg/m 3 ) occurring during the time that the drift was measured only weekly, necessitating removal of the data. This applied to 1% of the data. Howard-Reed et al. (2000) reported daily drift ranging from -3 to þ 6 mg/m 3 . Quintana et al. (2000) reported a weekly drift of 40 mg/m 3 . Wu et al. (2005) found negative drift in 9% and positive drift in 5.7% of their pDR measurements. For the other outdoor instruments, drift could also be recognized by a multivariate analysis of the bias (compared with the median of the measurements) as a function both of concentration and time. This calculation for the DustTrak showed that drift (both positive and negative) occurred for more than half of the instruments over the 5-day monitoring period. However, in most cases, it appeared that the drift, although statistically significant, was not substantial.
As could be seen in the collocated experiments, and also in the field study, a persistent problem was presented in zeroing the instruments. This problem appeared to be different from zero drift, since the instruments would maintain an apparent constant bias through long periods (as in Figure 4 above showing the summer pretest of the pDRs). In the field, the problem of zero drift was particularly apparent in the overnight hours, when one continuous PM 2.5 instrument might sink to zero and another in the same house might never go below 10 units of concentration. Another common situation affecting mainly indoor measurements was one instrument (usually the pDR) going to zero shortly after midnight and staying there until the early morning, whereas the DustTrak was continuing to decline and then would start to rise again over that same time. This may have been a case of mis-setting the pDR zero, or it could be due to a difference between the bedroom (pDR) and living room (DustTrak) concentrations, or to different sensitivity of the two instruments to temperature or RH changes overnight. It would be desirable to test these hypotheses by co-locating the pDR and DustTrak instruments in a home environment.
Extensive data were collected from the Aethalometer, which was switched from indoors to outdoors every half hour. A strong effect on the concentrations was noted for some time after switching. One possibility is that the instrument took some time to equilibrate to the new temperaturehumidity regime. However, a test in the laboratory sampling only indoor air showed that the switching effect continued to occur, possibly due to a heating effect of the current applied during the activation period. The instrument took approximately 6 min to reach a stable concentration when sampling outdoor air, and 3 min when sampling indoor air. Without the large amount of data collected in this study, the effect might not have been noticed; investigators using the switching technique should consider the potential problems caused either by a finite equilibration time or an effect of the switching process itself.
A similar problem, although turning out in the end to be minor, was presented by the need to conserve alcohol in the P-Trak. The solution was to run each P-Trak for only 10 min each hour. The problem was presented by the warm-up time for the P-Trak required to establish the high and low temperatures of its saturation and condensation chambers. The manufacturers recommend a 10-min warm-up time, which was not possible given the need to conserve alcohol over the 24-h period. However, it was possible to determine the average effects of the warm-up period by comparing measurements each minute, and this showed that even in the first minute, the P-Trak on average had achieved 490% of the final 10-min value. The analysis also showed that the value at 10-min appeared very close to an asymptote, so that additional measurements would not be likely to exceed the 10-min value by more than 1 or 2%. Therefore in the end the average underestimate due to using the warm-up period as the exclusive monitoring time was on the order of 5% only. We conclude that the method adopted to allow the P-Traks to provide 24 h of observation despite having only a 6-h supply of alcohol was successful, and is available to future researchers wishing to study ultrafine particles.
An important advantage of deploying multiple real-time continuous instruments along with the traditional integrated measurements is the ability to determine short-term temporal as well as spatial variation within a city. Although beyond the scope of this paper, future analyses will be able to investigate the temporal variation of the personal, indoor, and outdoor concentrations of the target pollutants in Windsor. The multiple outdoor DustTrak samplers for PM 2.5 showed their utility in providing values that could be used to replace invalid data with reasonable estimates of the concentrations based on the median of the remaining samplers. This allowed ''saving'' about 54 days of useful information, almost 6% of the outdoor data. Following the normal practice of having only one outdoor instrument and banking on the regional nature of PM 2.5 would result in either including invalid data if the problem were not recognized, or of losing the data if the problem were recognized. This also increased the amount of available data for modeling the infiltration of outdoor PM 2.5 indoors, which is one of the objectives of this research.
